E. coli UvrD is a superfamily 1 (SF1) DNA helicase and single stranded (ss) DNA translocase that functions in DNA repair, plasmid replication and as an anti-recombinase by removing RecA protein from ssDNA. UvrD couples ATP binding and hydrolysis to unwind double-stranded DNA (dsDNA) and translocate along ssDNA with 3 to 5 directionality. Although a UvrD monomer is able to translocate along ssDNA rapidly and processively, DNA helicase activity in vitro requires a minimum of a UvrD dimer. Previous crystal structures of UvrD bound to a ss-duplex DNA junction show that its 2B sub-domain exists in a "closed" state and interacts with the duplex DNA. Here we report a crystal structure of an apo form of UvrD in which the 2B sub-domain 
Introduction
DNA helicases are nucleoside triphosphate hydrolyzing motor proteins that function in all aspects of DNA replication, recombination and repair that require formation of single stranded (ss) DNA intermediates.
1; 2 Structurally, these enzymes can generally be grouped as either hexameric 3 or non-hexameric, 4 with the latter class having examples of functional monomers, dimers or filamentous oligomers. 2; 5 These enzymes are also classified in different families or superfamilies based on conserved regions of primary structure, 6 with the superfamily 1 and 2
(SF1 and SF2) classes being the largest.
E. coli UvrD is a non-hexameric SF1 helicase and ss-DNA translocase that functions in methyl-directed mismatch repair 7 and nucleotide excision repair 8 of DNA, reversal of replication forks 9; 10 and replication of some plasmids. 11 UvrD also functions to remove proteins from DNA 12; 13 and as an anti-recombinase by displacing RecA filaments from ss-DNA intermediates, thus preventing homologous recombination. 14; 15 In fact, these enzymes generally display multiple functions, including unwinding and strand separation of duplex (ds) DNA, translocation along ss-DNA, as well as protein displacement from DNA. 16; 17 Thus it is likely that the helicase activity of these enzymes may not be their only function in vivo. In many cases, the different activities of these enzymes require different forms of the enzyme. For example, the monomeric forms of the SF1 enzymes, E. coli Rep, E. coli UvrD and B. stearothermophilus PcrA, are all capable of rapid, highly processive and directional (3 to 5) translocation along ssDNA,
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ACCEPTED MANUSCRIPT 4 helicase activity. 4; 26 The three SF1 helicases, B. stearothermophilus PcrA, 27 ; 28 E. coli Rep, 29 and E. coli UvrD 30 are structurally similar (see Figure 1) , possessing a two domain structure with each domain (1 and 2) being composed of two sub-domains (1A, 1B, 2A and 2B). ATP analogs bind between the 1A and 2A sub-domains and ssDNA binds at the junction above the 1A and 2A
sub-domains in the orientation shown in Figure 1 . Interestingly, two conformations of the Rep monomer ("closed" and "open" forms) were observed in the asymmetric unit of the Rep-ssDNA crystals 29 . The major difference between the two forms is the rotational configuration of the 2B sub-domain which can rotate by ~130 degrees about a hinge region connecting the 2B and 2A
sub-domains. The apo 27 and 3-ss-ds DNA junction bound 28 forms of the PcrA monomer also
showed a large rotation of the 2B sub-domain by ~160 degrees, with the apo enzyme having an open conformation and the DNA bound form being in a closed conformation with the 2B sub-domain contacting the duplex DNA. Similarly, structures of a UvrD monomer bound to a 3-ss-ds DNA junction also show a closed orientation with the 2B sub-domain contacting the duplex region. 30 Single molecule fluorescence resonance energy transfer (FRET) studies have
shown that the 2B sub-domain of a Rep monomer is primarily in a closed conformation when bound to a 3-ss-ds DNA junction. 31 The function of the 2B sub-domain is the subject of some debate. Based on the crystal structures of monomers of UvrD and PcrA bound to the 3-ss-ds-DNA junctions, 28; 30 it was suggested that the monomeric forms of these enzymes have processive helicase activity and that the interactions of the 2B sub-domain with the duplex region of the DNA junction is essential for
ACCEPTED MANUSCRIPT 5 helicase activity. However, there is substantial evidence that the monomeric forms of PcrA, UvrD and Rep are not processive helicases.
19; 23; 25; 32 In fact, there is no evidence that the monomeric form of Rep can even initiate partial DNA unwinding. 21 Furthermore, removal of the Rep 2B sub-domain to form Rep∆2B monomer activates the helicase activity of the monomer indicating that the 2B sub-domain in Rep is auto-inhibitory for monomeric helicase activity.
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This suggests that the extensive 2B sub-domain-duplex DNA contacts inferred from the crystal structures of PcrA and UvrD monomers may not be important for their helicase activities. Rather, the 2B sub-domain may play a role in regulating the various activities of these enzymes through self-assembly or interactions with accessory proteins. 4 In fact, the rotational conformation of the 2B sub-domain may play a role in regulating its auto-inhibitory and other functions.
Here we report a crystal structure of the apo form of UvrD that has its 2B sub-domain in an open conformation indicating that the 2B sub-domain of UvrD, just as for Rep and PcrA, is capable of undergoing a similar large rotational conformational change. Using ensemble fluorescence resonance energy transfer (FRET) studies, we show that rotational conformational state of the 2B sub-domain of UvrD can be influenced by binding of ligands (e.g., nucleotides, DNA) and changes in solution conditions. The fact that rotational motion of the 2B sub-domain is coupled to the binding of nucleotides and DNA suggests that it is likely to be functionally important for some activities of this enzyme and/or their regulation.
Results
Apo UvrD structure
Crystal structures of a monomer of E. coli UvrD∆40, UvrD with the last 40 amino acids deleted from its C-terminus, bound to a series of short 3-ss-ds-DNA junctions have been reported by Lee and Yang. 30 In all of these structures, one of which is depicted in Figure 1b , the 2B sub-domain (blue) of UvrD is in a "closed" orientation, relative to the 1B sub-domain (green). In this orientation, the 2B sub-domain contacts the 1B sub-domain, and these two sub-domains bind the duplex region of the DNA junction. This orientation is similar to the closed orientation observed in one of the structures of E. coli Rep bound to ssDNA ((dT) 16 ). 29 In the "open" structure of Rep also bound to (dT) 16 , the 2B sub-domain has rotated by ~130˚ about a hinge region connected to the 2A sub-domain and there is no interaction between the 1B and 2B sub-domains. 29 We have determined a crystal structure to 1. swiveling is very similar to that observed upon comparing the apo PcrA structure 27 and its DNA complexes. 28 Importantly, the ssDNA-and dsDNA-binding sites are partially blocked in the that we observe in the DNA and nucleotide binding experiments described below. Alternatively we could assume that the high and low salt plateaus correspond to the apo form of UvrD in solution and the UvrD-DNA structure in solution, respectively. However, this assignment seems less reasonable since as we show below, the FRET value of the UvrD-DNA complex is near the midpoint of the high and low salt transition.
UvrD binding to ssDNA induces opening of the 2B sub-domain
We next used UvrD(DM-1B/2B) to examine whether DNA binding affects the rotational orientation of its 2B sub-domain. These experiments were performed in Buffer T 20 including BSA (100 g/ml) and thus before the addition of DNA, the 2B sub-domain of UvrD is near its fully closed low [NaCl] conformation, although not completely closed (~35Å vs ~23Å in the fully closed conformation). Figure 6a shows that upon addition of saturating concentrations of
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT

14
(dT) 35 (500 nM as shown in Figure 6b ) to DM-1B/2B (20 nM), the Cy3 (donor) fluorescence increases while the Cy5 (acceptor) fluorescence decreases, indicating that binding of (dT) 35 However the FRET signal change is considerably reduced when ATPS (a slowly hydrolyzable ATP analog) or ADP-MgF 3 (which is believed to mimic an ADP-P i intermediate) 36 is added with the ssDNA (Figure 8b, c and d) . The need for rotation of the 2B sub-domain can be understood, at least partially, by 
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The FRET methods described here have previously been used to monitor rotational conformational changes of the 2B sub-domains within Rep monomers 37 The FRET studies reported here suggest that in solution the fully closed conformation of UvrD is not highly populated when UvrD is bound to a 3-ss-ds DNA junction. In all UvrD-DNA crystal structures, the 2B sub-domain adopts a closed conformation, similar to the closed structure observed in the PcrA-DNA complexes. 28 However, our FRET results suggest that the 32; 37 suggest that rotational movement of the 2B sub-domain also occurs during ATP-driven ssDNA translocation.
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Buffers and Reagents
Buffers were prepared with reagent grade chemicals using distilled water that was also deionized using a Milli-Q water purification system (Millipore Corp., Bedford, MA).
Spectrophotometric-grade glycerol (99.5% purity) was from Aldrich (Milwaukee, WI). Buffer (v/v) glycerol, 2 mM EDTA. ATP (Sigma-Aldrich) stock solutions were prepared in 50 mM NaOH (pH 7.5), and 500 µl aliquots were stored at -20°C. ATP concentrations were determined spectrophotometrically using an extinction coefficient (259 nm) of 15.4 x 10 3 M -1 cm -1 .
Double-cysteine UvrD mutant plasmids
Site-directed mutagenesis was performed with the QuickChange kit (Stratagene, Cedar
Creek, TX). Plasmids expressing all UvrD mutants were constructed by starting with plasmid pGG209 which contains the wtUvrD coding sequence cloned into plasmid pET-9d (kanamycin resistance and under control of the T7 promoter, Novagen, Madison, WI). Mutations were first made to the DNA sequences encoding all six native Cysteine residues in the UvrD gene (C52, C181, C322, C350, C441, and C640) to replace them with Ser in order to create a plasmid
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22 encoding a Cys-less UvrD plasmid (pGG209Cys). We did not anticipate this to be a problem for enzyme activity since none of the naturally occurring Cys residues are conserved among UvrD, Rep, and PcrA. The plasmid pGG209Cys was digested with restriction enzymes (Nco I
and BstX I), and inserted with the PCR fragment amplified using primers AN55 and AN56 to generate an expression vector (pA10) to introduce a hexa-histidine (6xHis) tag and thrombin for A473C) to generate the plasmids expressing these double-cysteine mutants (named pA20 and pA21, respectively). All mutations were confirmed by DNA sequencing.
UvrD∆73 protein expression and purification
A plasmid, pGG221 overexpressing UvrD∆73 in which the last 73 C-terminal amino acids have been removed from UvrD was constructed as follows. The Xba I restriction fragment of pGG209 containing the wtUvrD coding region was ligated into the Xba I site of pET28a to generate plasmid pGG219. To remove the DNA encoding the last 73 C-terminal amino acids from Ala648 on, primers were designed to replace the Ala648 codon with a stop codon (TAA) and the coding sequence after this position was deleted. Plasmid pGG219 was digested with Xho I and BsrG I to generate subclone 1. The C-terminal portion of pGG209 was amplified using
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23 primers RSG-P4 and GHG72, digested with Xho I and BsrG I, ligated into subclone 1 to generate the UvrD∆73 overexpression plasmid (called pGG221). All ORFs were confirmed by DNA sequencing.
UvrD∆73 protein under control of T7 promoter was overexpressed in strain E. coli BL21(DE3)UvrD (with a deletion of wtUvrD gene, tetracycline resistant) and purified as described for wild type UvrD 43 with the following modifications. First, the single stranded DNA cellulose column was loaded in buffer containing a lower [NaCl] (100 mM). Second, due to the C-terminal deletion, UvrD∆73 did not show the usual extent of nuclease contamination as we find with wild type UvrD, hence the double stranded DNA cellulose column was not needed to remove the nuclease contamination. This suggests that the nuclease may interact with the unstructured C-terminus of UvrD.
DNA
The oligodeoxynucleotides used in this study were synthesized using an ABI model 391 (Applied Biosystems, Foster City, CA) and purified by electroelution of the DNA from denaturing polyacrylamide gels as described. 44 The concentrations of the DNA strands were determined by spectrophotometric analysis of the mixture of mononucleotides after digestion of saturating concentration of (dT) 35 only, (dT) 35 + ATP, (dT) 35 +ATPS, (dT) 35 + ADPMgF 3 , (dT) 35 + ADP, and high/low salt (as references). a Numbers for reflections with F/(F) > 0.0; value for completeness for overall/high (1.87-1.80 Å) resolution shell in parentheses. Overall completeness is low due to removal of ice rings shells. b Numbers for R factor and R-free in highest resolution shell are shown in parentheses. c R-free was calculated on the bases of 5% of the observed reflections that were randomly omitted from the refinement.
